The VERITAS array of Cherenkov telescopes, designed for the detection of gamma-rays in the 100 GeV-10 TeV energy range, performs dark matter searches over a wide variety of targets. VERITAS continues to carry out focused observations of dwarf spheroidal galaxies in the Local Group, of the Milky Way galactic center, and of Fermi-LAT unidentified sources. This report presents our extensive observations of these targets, new statistical techniques, and current constraints on dark matter particle physics derived from these observations.
Introduction
The characterization of dark matter beyond its gravitational interactions is currently a central task of modern particle physics. A generic and wellmotivated dark matter candidate is a weakly interacting massive particle (WIMP). Such particles have masses in the GeV-TeV range and may interact with the Standard Model through the weak force. Searches for WIMPs are performed at particle accelerators [Fairbairn et al. 2007 ], where dark matter may be produced in high-energy collisions, and by lowbackground direct detection experiments which look for the scattering of dark matter particles off nuclei [Gaitskell 2004 ]. In astrophysics, the problem is being addressed through the field of indirect detection [Jungman et al. 1996 , Bergström 2000 . Here the goal is the detection of the end-products of dark matter annihilation which can take place throughout the Universe.
Dark matter annihilation into Standard Model particles generically gives rise to high-energy gammarays. There are several classes of experiments currently searching for hints of such gamma-ray emission. The Large Area Telescope (LAT) onboard the Fermi Gamma-ray Space Telescope constantly surveys the entire sky at energies of about 100 MeV up to a few hundred GeV. At higher energies, ground-based atmospheric Cherenkov telescopes perform searches for emission from specific targets. In this contribution I review the dark matter searches currently being carried out by the Very Energetic Radiation Imaging Telescope Array System (VERITAS).
VERITAS
The VERITAS array [Weekes et al. 2002 , Holder et al. 2006 consists of four 12-meter imaging atmospheric Cherenkov telescopes (ACTs) located at the base of Mount Hopkins at the Fred Lawrence Whipple Observatory in Arizona. Such telescopes use the * Electronic address: alex_geringer-sameth@brown.edu Earth's atmosphere as a target for high-energy cosmic particles. An incoming gamma-ray may interact in the Earth's atmosphere, initiating a shower of secondary particles that travel at speeds greater than the local (in air) speed of light. This entails the emission of ultraviolet Cherenkov radiation. The four telescopes of the VERITAS array capture images of the shower using this Cherenkov light. The images are analyzed to reconstruct the direction of the original particle as well as its energy.
VERITAS is sensitive to showers initiated by gamma-rays with energies from around 100 GeV to more than 30 TeV. Because of the steep energy spectra of typical sources, fluxes in the VERITAS energy band are much smaller than those seen with Fermi. However, the difficulty of measuring such small fluxes is mitigated by the enormous effective areas of ACTs. VERITAS is sensitive to gamma-ray showers incident over an (energy-dependent) area of approximately 10 9 cm 2 (compare with ∼ 10 4 cm 2 for the LAT). At 1 TeV the energy resolution of VERITAS is approximately 15%. The array has an angular resolution of about 0.14 • at 200 GeV and 0.1 • at 1 TeV.
Dark matter targets
The particle physics governing the annihilation of cold dark matter is the same everywhere. Therefore, any location in the Universe that hosts a suitably high dark matter density is a target for an indirect search. The flux of gamma-rays from dark matter annihilation takes a surprisingly simple form
Here, dF/dEdΩ is the flux of gamma-rays per energy per solid angle, σv is the velocity-averaged cross section for dark matter self-annihilation and M χ is the mass of the dark matter particle. The quantity dN γ /dE is the energy spectrum of gamma-rays arising from a single annihilation. The last factor quantifies the distribution of dark matter along the line of sight. The so-called J value is defined as
where ρ χ is the dark matter density and the integral is taken along a particular line of sight. Note that the dependence on the environment is completely captured in the J value; the other quantities are universal properties of the dark matter particle. In particular, the energy spectrum of annihilation is governed by the annihilation channel (e.g annihilation into quarks, leptons, photons, etc). Only at cosmological distances is this spectrum expected to be attenuated by absorption or pair-production.
Unlike charged particles, gamma-rays travel undeflected from their point of emission. The excellent angular resolution of VERITAS therefore makes it a powerful instrument because it can target specific locations with a high dark matter density (large J value). The Collaboration is currently focused on four classes of dark matter targets: nearby dwarf galaxies, the Milky Way galactic center, nearby galaxy clusters, and unidentified sources in the Fermi catalog.
Dwarf galaxies
Milky Way dwarf spheroidal galaxies are darkmatter dominated systems that orbit inside the gravitational potential of the Galaxy [Walker 2012 ]. They are excellent targets for indirect detection because they are nearby, have large dark matter densities, and perhaps most importantly, contain no known gammaray sources. Therefore, any detection of gamma-rays from this class of objects becomes intriguing evidence for the annihilation of dark matter.
In the absence of a signal, constraints can be placed on the dark matter mass and annihilation cross section so long as one has an estimate of the J value. Currently, the dark matter distribution in the dwarfs is modeled using the motions of their member stars (e.g. Strigari et al. [2007 Strigari et al. [ , 2008 ).
VERITAS has published the results of observations of Boötes I (14 hr), Draco (18 hr), Ursa Minor (19 hr), and Wilman 1 (14 hr) [Acciari et al. 2010 ] and deep observations of Segue 1 (48 hr) [Aliu et al. 2012] . Figure 1 shows the upper limits on the dark matter annihilation cross section as a function of dark matter mass derived from observations of the first four of these dwarf galaxies. The energy spectrum of gammarays from an annihilation, dN γ /dE, was derived from a representative set of MSSM parameters. The asterisks in the figure represent a scan over MSSM parameter space with the constraint that each model predicts a dark matter candidate with a relic density within 3 standard deviations of that determined by three-year WMAP observations [Spergel et al. 2007] .
No significant gamma-ray excess was detected from the 48 hour observation of Segue 1. The significance the dwarf galaxy center, ρ is the DM mass density, and λ is the line-of-sight distance to the differential integration volume.
The astrophysical contribution to the flux can be expressed by the dimensionless factor J
which has been normalized to the product of the square of the critical density, ρ c = 9.74 × 10 −30 g cm −3 and the Hubble radius, R H = 4.16 Gpc following Wood et al. (2008) .
Based on Equation (2), the upper limits on the gammaray rate, R γ (95% CL), constrain the WIMP parameter space (m χ , σ v ) according to
where A(E) is the energy-dependent gamma-ray collecting area. The expression has been cast as a product of dimensionless factors with the variables normalized to representative quantities, e.g., the cross section times velocity is normalized to 3 × 10 −26 cm 3 s −1 which is a rough generic prediction for σ v for a WIMP thermal relic in the absence of coannihilations for m χ > 100 GeV c −2 (cf. Figure 2 ). The main contribution to the integral comes from the energy range in the vicinity of the energy threshold (E 300 GeV for observations in this paper) where A(E) changes rapidly. For VERITAS the effective area at 300 GeV is ∼6 × 10 8 cm 2 . For a representative MSSM model, EdN/dE at 300 GeV is a function of neutralino mass, m χ , and it changes in the range 10 −2 -10 −1 for m χ from 300 GeV c −2 to a few TeV c −2 . Although EdN/dE is a rapid function of m χ , this dependence is nearly compensated by the (300 GeV c −2 /m χ ) 2 prefactor. The product of these two contributions and, consequently, the overall integral value is weakly dependent on the neutralino mass within the indicated range and is on the order of 1. It is evident from the inequality (Equation (4)) that for a typical upper limit on the detection rate of 1 gamma ray per Exclusion regions in the (M χ , σ v ) parameter space based on the results of the observations. It is computed according to Equation (4) using a composite neutralino spectrum (see Wood et al. 2008) and the values of J from Table 1 . Black asterisks represent points from MSSM models that fall within ±3 standard deviations of the relic density measured in the three-year WMAP data set (Spergel et al. 2007 ).
hour, significantly constraining upper limits on σ v could be established if J is on the order of 10 4 . Because the factor, J, is proportional to the DM density squared, it is subject to considerable uncertainty in its experimental determination. For example, the mass of a DM halo is determined by the interaction of a galaxy with its neighbors and is concentrated in the outer regions of the galaxy. Unlike the DM halo mass, the neutralino annihilation flux is determined by the inner regions of the galaxy where the density is highest. For these regions, the stellar kinematic data do not fully constrain the DM density profile due to limited statistics. Various parameterizations of the DM mass density profile have been put forward (Navarro et al. 1997; Kazantzidis et al. 2004; de Blok et al. 2001 ; Burkert 1995) based on empirical fits and studies of simulated cold dark matter (CDM) halos. We adopt the assumption of the NFW profile (Navarro et al. 1997) given in Equation (1) which describes a smooth distribution of DM with a single spatial scale factor r s . The astrophysical factor, J, is then given by
where the lower integration bound of 0.
• 115 corresponds to the size of the signal integration region. The galactocentric distance, r(λ), is determined by
where λ is the line-of-sight distance and R dSph is the distance of the dwarf galaxy from the Earth. Although the integration limits, λ min and λ max , are determined by the tidal radius of the dSph (r t = 7 kpc was used for these calculations; Sánchez-Conde et al. 2007) , the main contribution to J (∆Ω) comes from the regions r < r s r t and therefore the choice of r t affects the J value negligibly. The main uncertainty for J computation is due to the choice of ρ s and r s . For Draco and Ursa Minor, ρ s and r s are taken as the midpoints of the map of the region surrounding the dwarf galaxy is shown in Fig. 2 . Here, the cross marks the location of Segue 1 and the circles denote regions excluded when determining the background. One is centered on the dwarf galaxy, the other on an unrelated bright star. As with the other dwarf galaxies, upper limits can be placed on the dark matter annihilation cross section. These limits are shown in Fig. 3 , where each curve represents the limit from a different annihilation channel.
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muon decay
À ! e À e and þ ! e þ e has been included in the þ À -ray spectra [91, 92] . Figure 3 shows the 95% CL exclusion curves on hvi as a function of the dark matter particle mass for the five channels considered above, using Eq. (3) and (7). For the W þ W À channel, the 95% CL UL on the velocityweighted annihilation cross-section is hvi 95% CL 8 Â 10 À24 cm 3 s À1 at 1 TeV. This limit is the most constraining reported so far for any dSph observations in the VHE -ray band. The b b and þ À exclusion curves illustrate the range of uncertainties on the hvi ULs from the dark matter particle physics model. Concerning the lepton channels e þ e À and þ À , the limits are at the level of 10 À23 cm 3 s À1 at 1 TeV. The current ULs on hvi are 2 orders of magnitude above the predictions for thermally produced WIMP dark matter.
C. Lower limits on the decay lifetime
If we assume that dark matter is a decaying particle, LLs on the lifetime of dark matter can be derived. In decaying dark matter scenarios, the dark matter particle can either be bosonic or fermionic. The LLs are computed using Eq. (7) and making the appropriate substitutions to Eq. (3), as explained in Sec. IVA. For bosonic dark matter particles, the same channels as in the annihilating dark matter case are considered: (2012) 062001-7 The gray region indicates the cross section required to reproduce the dark matter abundance observed today. This represents a lower limit to the allowed cross section in generic WIMP models: WIMPs with a smaller cross section would be overabundant today. Therefore, the parameter space for general WIMP models is bounded at both ends. Further observations by VER-ITAS and many other experiments will continue to tighten the upper limits on the cross section.
Clusters
While further away, galaxy clusters are much larger than dwarf galaxies. In fact, these systems are the largest dark matter structures in the Universe. Because of their high dark matter densities and dense substructures they represent an attractive class of indirect detection targets. However, clusters contain large reservoirs of hot gas which will interact with cosmic rays. This results in the production of pions which then decay into gamma-rays. This gamma-ray emission, highly interesting in its own right, constitutes a background for dark matter searches. In such searches there is often a tradeoff between high dark matter densities and astrophysical backgrounds.
VERITAS has published comprehensive results from a 19 hour observation of the Coma cluster . No significant gamma-ray excess was seen. This allows interesting constraints to be placed on models of Coma's cosmic ray population and magnetic fields as well as on dark matter annihilation. Figure 4 shows the upper limits on the dark matter annihilation cross section derived from the null-detection of Coma. In this analysis no gamma-ray background from cosmic rays was assumed, making the limits conservative. Notes. J bkg is the astrophysical factor calculated for the background region (ring method) and is used to estimate the level of gamma-ray contamination from DM annihilation. α is the size ratio of the ON-and OFF-source regions.
contamination from DM annihilation in the background region.
As long as the DM contribution to the event number in the background region is negligible, the upper limits derived here directly scale with the astrophysical factor, UL( σ v ) ∝ J −1 . The analysis uses a ring region to estimate the background in an ON region. We have to compute the expected level of gamma-ray emission from DM annihilation in the ring region in order to check that it is negligible with respect to the level of gamma-ray emission from DM annihilation in the ON region. This is equivalent to compute the astrophysical factor of the ON-and OFF-source regions since this quantity is related to the rate of DM annihilations.
The resulting exclusion curves in the ( σ v , m χ ) parameter 
Galactic center
The Milky Way galactic center is expected to be, by far, the brightest source of dark matter annihilation. This is due to its proximity (8 kpc) and its very large expected dark matter density. Because baryons dominate the mass distribution in this region there is a great deal of uncertainty on the dark matter distribution near the Galactic center. Nonetheless, the J value for the galactic center is likely several orders of magnitude larger than those of the nearby dwarfs. The search at the Galactic center is complicated by a very large astrophysical background of gamma-rays arising from known and unknown point sources and eConf C121028 from cosmic ray interactions with gas. Figure 5 shows a preliminary significance map derived from 46 hours of VERITAS observations of the Galactic center. The locations of sources in the Fermi catalog Nolan et al. [2012] are shown with light blue circles. Sources detected by H.E.S.S. as well as diffuse emission detected by H.E.S.S. [Aharonian et al. 2006] are shown with black solid and dotted contours. Emission from the galactic center is detected at 19σ. However, it cannot be unambiguously claimed that this signal to due to dark matter annihilation. The H.E.S.S. atmospheric Cherenkov telescope has reported the detection of diffuse emission along the Galactic ridge. Dark matter is not expected to cluster in the Galactic plane and so this diffuse emission is almost certainly the result of other astrophysical processes. The expected spherical morphology of the dark matter emission, however, can be used in an indirect search. The idea is to look toward the Galactic center but slightly away from the Galactic plane, avoiding much of the astrophysical background. This analysis is ongoing within the VERITAS collaboration.
Fermi unidentified objects
The Fermi LAT has detected many gamma-ray sources that have no known counterpart at other wavelengths. It has been suggested that such unidentified objects may be nearby dark matter halos. To explore this possibility two of these sources were selected for observation by VERITAS. The selection criteria are based on how likely the source is to be astrophysical as well as on the detection prospects for VERITAS. Variable sources as well as those close to the Galactic plane are ruled out as they are not likely to be dark matter halos. Sources with hard spectra and those detected at the highest energies by the LAT are preferred. Figure 6 shows significance maps for the two sources which have been observed. They are 2FGL J0312.8+2013 (10 hr) and 2FGL J0746.0-0222 (9 hr). No significant detection can be reported from either at this time.
New analysis techniques
Along with deeper observations of multiple dark matter targets, the VERITAS collaboration is exploring new analysis techniques designed to optimally extract the particle physics from the observations. So far, all dark matter limits have been constructed separately for each individual target. However, the physics of dark matter annihilation is the same across all targets. Therefore, it makes sense to combine the data taken on multiple observations into a single dark matter result. This is being performed using the framework developed in Geringer-Sameth and Koushiappas [2011, 2012] . In this analysis, detected events from different fields are weighted according to how likely they are to be due to dark matter as opposed to background processes (i.e. a Segue 1 event is given more weight than a Boötes I event since Segue 1 has a larger J value). This will allow the complete collection of observations to be reduced into a single dark matter search or cross section upper limit.
Conclusions
VERITAS continues to perform dark matter searches across multiple classes of targets. Significant additional exposure has already been devoted to Draco (35 hr), Ursa Minor (36 hours), and Segue 1 (48 hours) with more observations planned. This will result in a data set of nearly 200 hours of observation across several dwarf galaxies. The full data set will be analyzed simultaneously, resulting in the most sensitive possible search given the available data. The VERITAS collaboration is proceeding with observations and analysis of the Galactic center and of Fermi unidentified sources and will publish its results in the near future. 
